INtrODUctION
The cultivation of oranges exists in all Brazilian states, with the state of São Paulo being the largest producer, responsible for 74% of Brazilian production in 2014 (IBGE 2016) . In this state, orange varieties [Citrus sinensis (L.) Osbeck] have the following distribution: 43.6% of lateseason selections (Natal, Valencia and Folha Murcha), 18.5% of early-season selections (Hamlin, Westin, Rubi and Valencia Americana), and 33.6% with the Pera midseason selection, besides the less cultivated ones (Fundecitrus 2016) .
The Valencia orange has major economic importance in the world due to its high-quality fruit for juice processing and usually high productivity, whereas the Natal selection is only cultivated in Brazil, with it being a high-quality later-maturing selection compared to the Valencia (Pio et al. 2005; Tazima et al. 2008 ). In recent years, the demand for high quality not from concentrate orange juice (NFC) has remarkably increased (Neves et al. 2010) , thus requiring orange selections with better fruit quality. Historically, fruits with this profile have been harvested in the north and center of São Paulo under rain-fed cultivation (Nonino 1995) .
Rangpur lime (C. limonia Osbeck) became the rootstock of choice for nurserymen and the citrus growers in past decades in Brazil as result of its tolerance to citrus tristeza virus (CTV) and drought, and for inducing high yield and early bearing to several scion varieties (Pompeu Junior 2005) . However, citrus sudden death (CSD) disease has been affecting mandarin and orange trees grafted onto Rangpur lime and Volkamer lemon (C. volkameriana Pasq.) since 1999 in the "Triângulo Mineiro", region of Minas Gerais state, and in the north of São Paulo state (Müller et al. 2002) . On the other hand, trees grafted onto Cleopatra (C. reshni hort ex Tanaka) and Sunki mandarins (C. sunki hort ex Tanaka), Swingle citrumelo [C. paradisi Macfad. cv Duncan × Poncirus trifoliata (L.) Raf.] and trifoliate orange (P. trifoliata) are not affected. This situation accelerated the diversification of the rootstocks, especially in these regions.
Swingle citrumelo is tolerant to CTV, exocortis, xiloporosis, and citrus blight and CSD, in addition to being resistant to the gummosis-of-Phytophthora and to citrus nematodes (Pompeu Junior 2005) . The plants can grow well in sandy or clayey soils and are moderately tolerant to drought and frost, but they do not perform well in soils with a high pH or those that are poorly drained. This rootstock provides good productivity of high-quality Valencia oranges (Castle et al. 2010a; Pompeu Junior and Blumer 2011) . The commercial production of the Sunki mandarin rootstock was initially reported in Brazil in 1985 due to its resistance to CTV and for producing fruit that is generally superior in quality to that provided by the Cleopatra mandarin (Pompeu Junior 2005) . Due to their tolerance to CSD, the use of these 2 rootstocks increased despite their greater sensitivity to drought in relation to Rangpur lime (Pompeu Junior and Blumer 2008; Pompeu Junior 2005) .
Regarding to huanglongbing (HLB), all commercial scion and rootstocks used in Brazil are sensitive, even though HLB incidence is relatively low in northern São Paulo state (Fundecitrus 2016) .
Therefore, aiming at the diversification of lateseason sweet orange selections grafted onto CSDtolerant rootstocks in northern São Paulo, tree growth, production and fruit quality were evaluated for Natal and 6 selections of Valencia sweet orange grafted on Sunki mandarin and Swingle citrumelo, having been cultivated under rain-fed conditions.
MAtErIAL AND MEtHODs
The experiment was carried out in the Bebedouro Citriculture Experimental Station (EECB) in the municipality of Bebedouro, northern region of São Paulo state (lat 20°53′16″S, long 48°28′11″W, 601 m above sea level), with a Cwa subtropical climate (Figure 1) . The soil was a dark red oxisol, eutrophic endoalic, with a moderate A horizon, with intermediate texture (38% clay) [pH (CaCl 2 ) = 5.7; CEC = 55 mmolc•dm −3 in the 0 -20 cm soil layer] (Embrapa 1999). This type of soil is commonly planted with commercial citrus orchards in this region, as well other oxisoils and argisoils (Corá et al. 2005) .
Six selections of Valencia sweet orange were evaluated: Valencia IAC, Dom João, Valencia Late Burjasot IVIA 35-2, Rhode Red Valencia SRA 360, Valencia Temprana IVIA 25 and Campbell Valencia, in addition to Natal IAC sweet orange. Valencia IAC and Natal IAC are the main late-season orange varieties in current use in São Paulo state. The other selections were previously introduced in EECB and, after presenting good fruit quality in preliminary evaluations in the germplasm collection, were selected for this study.
All the scion selections were virus-and viroid-free, and only Valencia IAC and Natal IAC were inoculated with the protective isolate PIAC of CTV. Budwood was originated form EECB's collection in screen house, and the selections were grafted onto nucellar seedlings of Swingle citrumelo and Sunki mandarin. The transplantation to the field took place in February 2001 at 7.0 × 5.0 m and 7.0 × 3.0 m tree spacing for Swingle citrumelo and Sunki mandarin, respectively. No irrigation was provided, and the trees grew using only water provided by rainfall. Cultural practices that are usually recommended for orange cultivation in São Paulo state were adopted, and N was applied at average rate of 185 g·tree −1 annually (2001 -2008) . The following parameters were measured in 2008: tree height (H), from the soil to the top of the tree; canopy diameter (D), by the mean of 2 diameters at right angles at half height of the tree; canopy volume (V), which was calculated from: mean annual growth rate (GR), which was calculated by the mean annual variation of V between 2006 and 2008.
The fruit production (kg·plant −1 ) was measured annually, and the mean yield was calculated from 2004 to 2008. The alternate-bearing harvest index (HI) was calculated for the same period as follows: ] + … + [|a n − a n − 1 | / (a n + a n − 1 )]}, where: n is the total number of years that were evaluated; a 1 , a 2 , …, a n − 1 , a n represent the production in the corresponding year (Pearce and Doberšek-Urbanc 1967) . Additionally, the precocity of production (PP) was estimated by the percentage of production per plant corresponding to the first 2 yields compared with the total accumulated production, and the productive efficiency (PEf ) was calculated by the mean ratio between the annual production (kg·plant −1 ) and the canopy volume in the respective year, in this case, between 2006 (Cantuarias-Avilés et al. 2011 .
The variables regarding to the fruit quality comprised the fruit weight (g), the diameter and the length of the fruit (cm), juice yield (JY, in %), from the relationship between the weight of the extracted juice using an industrial extractor (Otto 1800, OIC, Limeira, São Paulo, Brazil) and the fruit sample weight, the concentration of total soluble solids (SS, in °Brix), the titratable acidity (TA, in g citric acid 100·g −1 ), the SS/TA ratio, and the industrial technological index (TI), which expresses the amount of SS (kg) per box. It is calculated by:
The experimental design was a randomized complete blocks in a 7 × 2 factorial setting (selections of oranges × rootstocks), with 14 treatments, 4 replications and 2 trees per plot. The results were submitted to analysis of variance, and the means were grouped by the Scott-Knott test (p ≤ 0.05). An arcsine square root transformation was performed when necessary to meet the normality and homogeneity of variance.
rEsULts
Sunki mandarin induced largest tree size to the orange selections compared to Swingle citrumelo in 2008 (Table 1 ). In plants grafted onto Sunki mandarin, the tallest selections and those with greatest canopy diameters
where the value of 40.8 kg corresponds to the standard industrial citrus box capacity.
Fruit quality variables were calculated as the mean values in the 2004 to 2008 period, with 10 fruits collected per plot, which was always in October for each harvest, considering a minimum SS/TA ratio ≥ 12.0. This fruit sample size detects differences between means of ~0.55% SS and ~0.11% TA in oranges (Barry et al. 2003) . Means followed by different capital and lowercase letters in the column, respectively for rootstocks means and within the scion selections means on the same rootstock, belong to distinct groups by the Scott-Knott test (p ≤ 0.05). * Percentage of production in the first 2 harvests in relation to the total accumulated production. HI = Harvest index; PP = Precocity of production; PEf = Productive efficiency; CV = Coefficient of variation. E.A. Girardi et al. in only 2 groups: mean production (230.0 kg•plant −1 ) for Natal, Late Burjasot and Campbell, with the others presenting a low productivity (150.0 kg•plant −1 ). Regarding the precocity of the production, the selections that stood out were Natal IAC, Valencia IAC, Rhode Red and Campbell when grafted on Swingle citrumelo, presenting around 22% of the fruits harvested in the 2004 and 2005 harvest (3 rd and 4 th year after planting, respectively). Accumulating below 10% of the fruits were Dom João, Late Burjasot and Temprana (Table 2) . Considering the Sunki mandarin as rootstock, it must be highlighted that Late Burjasot was the latest selection, with only 0.3% of the production in the first 2 harvests. The other selections presented between 20 -30% of production in the same period.
The HI value was also the highest for trees grafted onto Swingle citrumelo, with an average of 0.38 (Table 2) . Late Burjasot was the selection with the greatest annual variation in production on both rootstocks (mean of 0.55), besides Dom João on Swingle citrumelo and Temprana on Sunki mandarin. The other selections presented an average HI of 0.25.
In terms of PEf (kg of fruit•m −3 of canopy), Natal IAC, Valencia IAC and Rhode Red selections were the most efficient on Swingle citrumelo (> 4.5 kg•m −3 ), with the Natal selection being the most efficient on average. Among the low efficient selections (< 4.5 kg•m −3 ), Dom João produced only 2.6 kg•m −3 . On the other hand, this same selection matched that of the most efficient when grafted onto Sunki mandarin. The smallest means for PEf were presented by Temprana and Late Burjasot, because these 2 selections were the largest trees despite having achieved a good production.
Regarding the fruit quality attributes, no effect of the rootstocks was observed for the size of the fruits ( Table 3 ). The fruit weight was equivalent among the selections grafted onto Swingle citrumelo. Dom João had larger fruits on Sunki mandarin, and Late Burjasot presented heavier, longer and wider fruits in relation to the other selections. Concerning JY, the selections grafted onto Swingle citrumelo were superior: Dom João (40%), Valencia Temprana (43%) and the other selections with 52% of juice on average (Table 3) . On Sunki mandarin, only Valencia Temprana was inferior to the other selections (mean of 47%).
All the late-season selections presented similar and high concentration of total soluble solids (SS) on Sunki mandarin (mean of 12.5 °Brix) ( Table 3 ). The mean concentration of SS on Swingle citrumelo was also high (11.9 °Brix), even though it was lower in relation to Sunki mandarin in the same period (the harvest took place in October in all years and for all treatments). However, Natal IAC presented higher SS (13.1 °Brix) than the other selections grafted on Swingle citrumelo. Regarding TA, Sunki mandarin led again to a greater mean value (0.99 g•100g −1 ) than Swingle citrumelo (0.88 g•100g −1 ), regardless of the scion. Temprana selection confirmed its greater precocity in fruit maturation, since it presented the smallest acidity values on both rootstocks (0.75 g•100g −1 on average). This observation is corroborated by the classification of the selections regarding the SS/TA ratio, as Temprana presented a mean value of 17, which is higher than the mean value of the other selections, regardless of the rootstock (Table 3) . Sunki mandarin resulted in a smaller SS/TA ratio compared to Swingle citrumelo, which reflects its greater juice acidity. The latest selections comprised Natal IAC and Campbell which made up the group of the smallest index on Swingle citrumelo, while Campbell, Late Burjasot and Dom João presented the smallest index on Sunki mandarin.
Valencia Temprana resulted in an inferior TI (kg SS•box −1 ) compared to the other selections that were grafted onto Sunki mandarin, whereas, on the other hand, on Swingle citrumelo, it was observed that Natal IAC was the most efficient (2.78 kg•box −1 ), followed by the group formed by Valencia IAC, Late Burjasot, Rhode Red and Campbell (2.52 in average) and, finally, Dom João and Temprana (< 2 kg•box −1 ).
DIscUssION
The evaluated rootstocks had a substantial and differentiated influence on several traits of the late-season selections (Tables 1 to 3 ). For Castle (2010) , production, precocity, PEf and the fruit quality are among the most important attributes for choosing a rootstock. The results of this work indicate that Sunki mandarin and Swingle citrumelo, the current main alternative rootstocks to Rangpur lime, demonstrated a good performance in rain-fed conditions in Bebedouro, São Paulo, Brazil, when combined with late-season orange varieties. Plants grafted onto Sunki mandarin presented a greater production, precocity and fruits with higher SS and acidity, whereas those on Swingle citrumelo presented a greater PEf, higher juice content and a smaller tree size. These differences between the evaluated rootstocks are of practical and commercial value, because they impact on the planning and management of the orchard, as well as on the economical return for NFC processing. Castle et al. (2010a) , while evaluating Valencia orange on 12 rootstocks in 2 locations in Florida, USA, observed the smallest trees at 5 years old on Swingle citrumelo, ≈ 2.5 m tall, and that Swingle citrumelo outperformed Sunki mandarin in terms of PEf and fruit quality. Bordignon et al. (2003) , while assessing the Valencia orange grafted on different clones and hybrids of CTVtolerant rootstocks, verified that the Sunki mandarin induced later productions, as opposed to the production observed in this work, in which Sunki mandarin in general induced earlier productions when compared to Swingle citrumelo (Table 2 ).
In the presence of HLB, bearing precocity is an important trait for rootstock selection as the economical lifespan of the orchard is decreased (Stuchi and Girardi 2010) . In this study, some varieties such Natal IAC presented earlier productions and highest yield in the whole evaluation period, thus highlighting their superior performance.
E.A. Girardi et al.
The difference between the HI induced by Swingle citrumelo and Sunki mandarin (Table 2) is possibly a consequence of the distinct degrees to which theses rootstocks are drought tolerant, as the more drought-sensitive Swingle citrumelo led to higher HI. Yildiz et al. (2013) found a greater HI in the Valencia Late (0.28) than in the Rhode Red Valencia (0.18) when grafted onto Troyer and Carrizo citranges (C. sinensis × P. trifoliata) and sour orange (C. aurantium L.), which are similar results to this study. Castle et al. (2010b) observed a direct relationship between the total production and the height of the sweet orange trees, as observed in this article when considering the greater tree size of the plants grafted onto Sunki mandarin (plus 38% in average). Auler et al. (2008) suggested that Sunki mandarin is a superior alternative to Rangpur lime as rootstock for Valencia orange in the northeast of Paraná state, both for processing and for the fresh fruit market. Indeed, in the current work, the mean scion production on Sunki mandarin was 21% greater.
Although Swingle citrumelo led to smaller canopies and lower accumulated production, in general this rootstock resulted in greater PEf of the scion selections. These results concur with those reported by Pompeu Junior and Blumer (2011), who observed a greater PEf (6.2 kg•m −3 ) for Valencia orange grafted onto Swingle citrumelo at 7 years old in Cordeirópolis, São Paulo, Brazil.
Although the root system was not evaluated in this work, the canopy growth is in general directly related to the root growth, and thus smaller trees on dwarfing rootstocks are usually more sensitive to drought conditions (Cantuarias-Avilés et al. 2011) . Therefore, irrigation must be a plus for smaller trees on less vigorous rootstocks, such as Swingle citrumelo, and higher planting density could be more appropriate for these genotypes. Smaller trees that present high PEf (kg fruit•m −3 canopy) are desirable for reducing costs of pruning and harvest labor, especially for high-density orchards (Cantuarias-Avilés et al. 2011) , and facilitate diseases and pests control by the application of lower volume of agrochemicals solutions and faster scouting (Stuchi and Girardi 2010) .
Regarding to the evaluated sweet orange selections, Dom João, Valencia Late, and Campbell Valencia are typical late ripening Valencia selections described by Hodgson (1967) . In Spain, Valencia Temprana has earlier fruit maturation of smaller fruits (Kimball 1991) . Dom João, which is of Portuguese origin, is considered the same variety as Valencia. Valencia Late and Campbell Valencia, firstly reported in California, are indistinguishable from Valencia. Valencia Late has fruits ranging from 140 to 180 g, with high juice content, late-season ripening and trees with remarkable production, even though it has a tendency toward alternate bearing (Hodgson 1967) , matching perfectly to the performance of this selection in this study (Table 2) . Despite the reported similarity, some significant differences were observed among the selections (Tables 1 to 3 ) and are discussed herein.
Natal IAC, Valencia IAC and Rhode Red selections had greater production and smaller tree size (Tables 1 and 2 ), thus being more efficient and of greater interest for planting. The Valencia IAC and Rhode Red selections were outstanding on both rootstocks regarding their PEf. Yildiz et al. (2013) verified, for a period of 4 years, that Rhode Red and Valencia Late oranges grafted onto Carrizo citrange presented a similar performance to the one observed in this work for these 2 selections. The results obtained by these authors also point to the importance of the scion-rootstock interaction, given that Rhode Red and Valencia Late grafted onto Carrizo citrange were, respectively, 9 and 19% more productive than when grafted onto Troyer citrange.
Natal, Valencia IAC and Rhode Red Valencia selections, when compared to Temprana and Campbell, formed smaller plants on both rootstocks (Table 1) , which suggests a greater inherent vigor for the last ones. Different selections of the same scion variety may present a horticultural performance that varies depending on the rootstock and location, as has already been reported about the Valencia sweet orange (Tazima et al. 2008 ). The differences among selections of the same variety may also result from spontaneous mutations, from distinct ontogenetic phases or even from the presence of different strains of viruses and viroids (Machado et al. 2005) .
Natal IAC was the most productive scion variety on both rootstocks, with higher yield and slightly later fruit maturity than Valencia IAC, confirming its outstanding performance (Pio et al. 2005; Blumer et al. 2003) . Although the other evaluated selections presented fair performance, Rhode Red Valencia is highlighted for its higher production efficiency, which was similar to the IAC selections, and fruit quality very close to that of Valencia IAC. This behavior was irrespective of the rootstock, thus presenting practical advantage for recommendation as the remaining selections were more variable and rootstock-dependent especially regarding to the production efficiency and bearing precocity.
Although flesh color was not evaluated in this work, Rhode Red Valencia had visually more deep color, which is typical of this variety (Yildiz et al. 2013) , and other traits were almost equivalent to those on Valencia IAC (Tables 1  to 3 ). Rhode Red is described as an indistinguishable bud sport mutant of Valencia with the darker pulp and flesh being the only real advantage over Valencia (UCR 2016) .
In this study, the effect of the rootstocks was not expressive on the weight of the Valencias fruits, which was also observed by Bordignon et al. (2003) . Yildiz et al. (2013) verified the largest diameters in fruits from the Rhode Red Valencia orange on Carrizo citrange and the smallest diameters for the Valencia Late on the same rootstock. The authors also verified that Valencia Late grafted onto Carrizo citrange produced heavier fruits than onto other combinations, while Rhode Red did not present any differences as a result of the rootstocks. These results were similar to those observed in this article (Table 3) . These authors did not report any differences among rootstocks for Rhode Red and Valencia Late regarding the juice content (50% in average) and the TA (1.3 g•100 g −1 on average), as well as for Valencia Late for SS (≈ 9 °Brix), which, in turn, differed from the results obtained in this work.
The early fruit maturation was confirmed for Valencia Temprana (Blumer et al. 2003) , which presented the lowest juice content and acidity resulting, respectively, in low SS per box and high SS/TA ratio, of 16 -18, whereas the other selections presented a ratio in the 12 -15 range in October (Table 3) . Other SS/TA differences among true late-season varieties were inherent to the respective selections, as observed by Blumer et al. (2003) , with Campbell Valencia being the latest, and were significantly influenced by the rootstock. In this sense, Sunki mandarin induced expressively later fruit maturation to most of the selections.
The juice processing industry is demanding increasingly higher orange fruit quality to attend to the NFC requirements (Neves et al. 2010) . Therefore, it is necessary to highlight the high SS of the juice overall (Table 3) , as the evaluation period corresponded to the first 5 harvests, thus, to a young orange orchard which is generally recognized for bearing lower quality fruits. In the northeastern region of Paraná state, Tazima et al. (2008) observed fruits belonging to 3 selections of Valencia orange on Rangpur lime with a quality that was inferior to those reported in this analysis.
The rootstocks did not differ as far as the TI of the fruits is concerned (Table 3 ) and its mean value was of 2.37 kg of SS per box in the evaluation period. This can be explained by the inverse relation between the JY and the concentration of SS that was observed between Swingle citrumelo and Sunki mandarin, respectively. However, Sunki mandarin was more efficient in elevating and equaling the TI of the scion selections in the experimental edafoclimatic conditions.
cONcLUsION
Sunki mandarin and Swingle citrumelo performed well under rain-fed conditions in northern São Paulo state. The first rootstock induced higher tree size, accumulated production, SS content and acidity to most of the late-season selections evaluated.
Natal IAC, Valencia IAC, and Rhode Red Valencia sweet orange selections outstood for their higher production and PEf of high-quality fruits and are the preferable varieties for commercial use.
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